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NUCLEAR DATA AND MLASUREMENTS SERILS

The Nuclear Data and Measurements series presents results
of studies in the field of microscopic nuclear data. The pri-
mary objective is the dissemination of information in the
comprehensive form required for nuclear technology applications.
This Series is devoted to: a) Measured microscopic nuclear
parameters, b) kxperimental techniques and facilities employed
in data measurements, c) The evaluation of nuclear data. Con~
tributions to this Series are reviewed to assure technical com=
petence and, unless otherwise stated, the contents can be
formally referenced. This Series does not supplant formal
journal publication but it does provide the more extensive in-
formation required for technological applications (e.g., tabu-

lated numerical data) in a timely manner.
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Fast eutron Lxcitation of tihe Ground-
y ®
State Rotational bLand of 2381)

by
P. Guenther, 1., Havel and A, Smith

Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

The differential neutron cross sections for the
excitation of the 2+(45 keV), 4+(148 keV) and 6+(308
keV) states of 238U are measured for scattered neu-
tron energies in the range 0.1 to 3.0 MeV. The ob-
served excitation cross sections vary smoothly
with energy with no significant fluctuations. The
experimental results are correlated with the predic-
tions of compound-nucleus and direct-reaction models.
At lower energies (é 0.8 MeV) the observed inelastic
scattering cross sections are consistent in shape and
magnitude with the predictions of compound-nucleus
theory. Above ~N 1.0 MeV comparison of neasured and
calculated values indicates larpe direct-reaction
contributions. The experimental and computational
results are compared with the evaluated nuclear data
file, ENDF/B-1V, and significant discrepancies are
noted. The present results and selected values from
the literature are used to deduce an evaluated set

of 238U inelastic scattering cross sections.

*
This work supported by the U.S. Lnerpy Research and

Development Administration.
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I. INTRODUCTION

Over nearly two decades a number of experimental
studies of the neutron excitation of the ground-state
rotational band of 23811 have been reported (1-7). These
measurements indicate that the cross sections for the
excitation of the first 2+(45 keV) state are larpe at
incident neutron energies of less than 1.0 MeV, How-
ever, the experimental cross sections become uncertain
as the threshold for the reaction is approaqhed with
discrepancies as much as a factor of two.between mea-
sured values in both shape and magnitude. Recent meas-
urements with improved experimental resolutions indi-
cafe that the cross sections for the excitation of this
first state remain large into the several MeV range
(6,7). The cross sections for the excitation of the
second state 4+(148 keV) have been measured to energies
of greater than 1,5 MeV with reasonably consistent
results. The excitation of the third state 6+(308 keV)
has been qualitatively observed but the corresponding
cross sections are small and uncertain. The neutron
cross sections for the excitation of the higher-energy
states of the first-rotational band have apparently not
been quantitatively measured.

Theoretical interpretations of the above experi-
mental results have been reported by a number of authors
(6-18). 238

and substantial direct excitation of the collective states

U is a staticallv-deformed rotational nucleus

by few MeV neutrons can be expected. ©Some recent expefi-
mental results bear-out this expectation (6,7). At ener-
gies of less than 1.0 MeV the inelastic neutron scattering
should consist primarily of the compound-nucleus component.
A number of calculations based upon this assumption have
resulted in inelastic neutron scattering cross sections
that differ in both shape and magnitude from some of the

experimental values (10). Corrections to the compound-
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nucleus results attributed to: width fluctuations, cor-
relation enhancement and a direct-reaction component
have not generally resolved these calculational-experi-
mental discrepancies. In addition, some of the measured
values indicate a fluctuating structure in the lower
energy cross sections that has not been explained theo~
retically., Generally, some major chanpes at lowver ener-
pies in some experimental results and/or theory are
indicated in order to make the two relativelv consistent,
The resolution of the above experimental and/or theo-
retical uncertainties is of considerable applied impor-
tance, The 1nelastic neutron scattering cross sections
of 238U have a direct impact on the neutronic design of
fast fission reactors, particularly at lower (e.g., less
than 1,0 MeV) neutron energies, More generally, the 238U
neutron inelastic scattering cross sections should be
similar to those of a number of actinides appearing with
240Pu).

Experimental measurements of the scattering cross sections

abundance in fission-based energy systems (e.g.,

of many of these actinides is very difficult and thus a
capability for reliable theoretical prediction is of con-
siderable applied importance.

The present studies had the objectives of: 1) pro-
viding improved experimental definition of the low-(less
than 600 keV) and hiph-(greater than 1.5 MeV) energy cross
sections for the excitation of the ground-state rotational
band of 238U, 2) a verification of previously reported ex-
perimental values in the energy range U.4 to 1,5 MeV, 3) a
quantitative theoretical interpretation of the experimental
results including both compound- and direct-reaction mecha-
nisms, and 4) the provision of the experimental and theo-
retical results in the form of an evaluated data set suit-
able for applied use. The following portions of this paper

consist of: an outline of the experimental methods (Sec.Il),

the experimental results (Sec. III1), comparisons with
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previously reported experimental values (Sec. V), a
physical interpretation of the measured quantities
(Sec. V), and the formulation of the evaluated data set
(Sec. VI). The numerical values of the evaluated data

set are given in the Appendix in the ENDF/B format (19).

II. EXPERIMENTAL METHODS

Two sample confipurations were employed in the
measurements. Most of the measurements in the incident
neutron energy range 0.4 to 3.0 MeV and all of the angu~-
lar distribution measurements employed solid cvlindrical
samples of natural uranium 2 cm long and 2 cm in diameter
with neutrons incident upon their lateral surfaces. Many
of the measurerments in the incident neutron energy range
0.1 to 0.6 MeV emploved square uranium-plate samples 5 cm
on a side and 1.2 cm thick oriented at a 45 deg, anple
with respect to the axis of the incident neutron beam.
All cross sections are reported as barns-per-atom of the
natural element, Corrections for the small 235U content
would generally have been far less than the uncertainties
associated with the experimental measurements, Standard
reference samples of carbon and polyethylene were used in
the same geometries as the uranium samples,

The 7Li(p,n)7Be reaction was empioyed as a neutron
source throughout the measurements (20). Lithium metal
films were deposited upon tantalum backing plates to
sufficient thicknesses to provide incident neutron energy
spreads at the scattering samples of approximately 10 to
20 keV,

The measurements were made using fast time-of-flight
techniques. The majority of the measurements utilized the
Argonne National Laboratory Tandem Dynamitron. This
facility provided an essentially monoenergetic proton
burst at repetition rates varying from 1 to 2 MHz (21).

The burst duration was nominally 1 nsec with a minirum of
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800 to 900 psec for measurements demanding of the opti-
mum resolutions. These burst durations were estimated
by observing the pamma-ray from the source reaction and
included uncertainties due to gamma-ray detection and
time analysis. The scattering samples were placed 13
to 15 cm from the source at a zero deg. reaction angle,
The flight path was defined by a massive collimator
system. The neutron detectors were proton-recoil scin-
tillators of various sizes and configurations chosen to
optimize the time resolution and sensitivity in the
various experimental energy intervals., The details of
the apparatuses and method have been described exten-
sively elsewhere (22,23).

All uranium and reference-standard measurements
were corrected for multiple scattering, incident beam
attenuation and angular-resolution effects using a com~
bination of analytical and Monte-Carlo computational
procedures (24,25), Some of the corrections were large
and considerable care was taken to assure their validity,
The Monte-Carlo calculations were carried to statistical
accuracies far smaller than the experimental uncertain-
ties (e.g., to less than 1 percent uncertainty). The
corrected results obtained with samples of widely differ-
ing masses were consistent.

At incident neutron energies of less than 1.5 MeV
t he 238U cross sections were determined relative to the
standard-reference carbon cross sections., The carbon
e ference cross sections were constructed from the carbon
total cross sections as given in ENDF/B~IV, MAT-1274,
(19) and from the angular distributions as given by
Langsdorf et al., (26). Most of the carbon calibrations
at energies below 600 keV were made at a scattering angle

of 90 deg. using the cross section given by
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Since the w2 is less than 0.1 in this energy range, the
reference 90-deg, carbon cross sections were not particu-
larly sensitive to uncertainties in the carbon angular
distributions (i.e., to relatively large uncertainties in
the wz value)., The uncertainty in the carbon total cross
section was estimated to be less than 2 percent in this
energy range and that of the 90-deg. differential cross
sections less than 3 percent. Over the energy range 0.6
to 1.5 MeV the carbon calibrations were based upon the
differential cross sections of Langsdorf et al. (26).

The estimated uncertainties in the calibration in this
energy range were 5 to 8 percent. At incident neutron
energies of 1.5 MeV and above the 238U cross sections
were determined relative to the well known H(n,n) cross
sections (27) using the experimental methods defined in

Refs, 22 and 23.

I1I. EXPERIMENTAL RESULTS

The experimental results were obtained in four Data
Sets, Data Set-1 extended from scattered neutron ener-
gies of 100 to 600 keV with the objective of defining
the inelastic scattering cross section to be near thresh-
old as possible, Data Set-2 was confined to an incident
neutron energy of 550 keV with the objective of a good
definition of the inelastic scattefing cross section
magnitude and angular distribution at this single and
experimentally favorable energy. Data Set-3 extended
from 400 to 1200 keV with the intent of verifying previous-
ly reported inelastic scattering cross sections in this
region, particularly the excitation of the 4+(148 keV) and
6+(308 keV) states, Data Set-4 extended from 1.5 to 3.0
MeV with attention to the resolution of the cross sections
for the excitation of the first two excited states (2+, 45
keV and 4+, 148 keV) in a region where direct reaction

processes are expected to be large. Throughout the work

-8~



the emphasis was on cross section mapgnitudes. The
observed excitation enerpies were consistent with those
reported in Ref, 20 but the latter are very likely more

precise,

A. Data Set-1

These measurements determined the differential
cross sections for the inelastic neutron excitation of
the 2+(45 keV) state of 238U at a scattering angle of
90 deg. for scattered neutron energies in the range 100 to
600 keV. The measurements employed the slab samples out-
lined above. The cross sections were determined relative
to the 90 dep. scattering cross sections of carbon using
a similar slab sample of carbon., In making the carbon
calibrations the incident neutron energies were varied so
that the neutrons scattered from the carbon had essentially
the same energy as those resulting from the excitation of
the 45 keV state of 238U. This procedure largely avoided
uncertainties due to the relative energy-dependent sensi-
tivities of the detectors., The neutron-source intensity
was monitored using four long counters arranged so as to be
insensitive to small changes in the neutron-source enerjgy
(29). Scattered-neutron flight paths were varied between
2 and 6 meters so as to give the best compromise of reso-
lution, signal-to-background ratio and statistical accura-
cy. At scattered neutron energies above approximately 200
keV the elastic and inelastic (2+, 45 keV) neutron groups
were well resolved as indicated by the time distribution
shown in Fig. 1. At lower scattered neutron energies the
definition was less satisfactory and grapliical procedures
assisted in the resolution of the two components guided by
esponse functions determined from the observation 6f
neutrons scattered from carbon and/or lead.

The measured results were corrected for multiple scat-
tering, beam attenuation and angular resolution as outlined

above., The samples were large with correspondingly large
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corrections (20 to 30 percent). The correction proce-
dures were carefully tested using two different computa-
tional systems. However, there was an uncertainty in
the application of the corrections to the carbon-refer-
ence measurements. The neutron energy degradation in
the large carbon samples was considerable and thus some
of the multiple-scattered neutrons were detected at
energies appreciably different from those of the single-
scattered events and with a different detector efficien-
cy. The detector efficiency changed relatively slowly
with energy above approximately 250 keV but at lower
energies the change was very rapid. The effective reso-
lutions used in the correction calculations were chosen
to be similar to those of the particular experimental
measurement in order to keep the correction calculations
a close analog of the actual experimental measurement,
Using this procedure it was estimated that the uncertain-
ties due to the correction factors were less than 5 per-
cent at energies below 250 keV and smaller at higher
energies, It was encouraging to note that the corrected
results of the slab measurements were consistent with the
550 keV results obtained with the much smaller cylindrical
samples (see the discussion of Data Set-2, below).

The Data Set~l1l results are given in Table 1 as ratios
to the 90 deg. carbon cross sections, as differential 90
deg. 238U cross sections and as angle~integrated cross
section values. The latter were obtained from the 90 deg.
differential values using the experimentally and the theo-
retically based angular distributions described in Sec. V.
In this energy range the correction for anisotropy was
approximately 83 percent. The angle-integrated experi-

mental results are summarized and compared with those of

Data Set-2 in Fig. 2.

B. Data Set-2
This Data Set was confined to the single incident
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neutron energy of 550 keV and had the objective of a pre-
cise determination of the Y0 dey. differential cross
section for the excitation of the 2+(45 keV) state and of
the relative determination of the angular dependence of
the elastic and of the inelastic (45 keV) scattering cross
sections. The measurements emploved the smaller cylindri-
cal samples, noted above, and a flight path of 5.7 meters.
The experimental resolutions were sufficient to resolve
the elastic and inelastic scattered-neutron groups at all
measured angles as illustrated by the examples of Fig. 3.
Neutron-source intensity was monitored using long counters
and a secondary time-of-flight system arranged so as to be
insensitive to the angular placement of the primary detec-
tor,

The differential 90 deg. inelastic~scattering cross
sections were redundantly determined relative to carbon in
the same manner as employed in Data Set-1, above, Five
independent measurements were made with somewhat different
experimental arrangements (e.g., detector sensitivities),
The results are summarized in Table 1. The uncertainties
of the individual differential measurements were in the
range 7 to 9 percent., The average differential 90 deg.
cross section for the excitation of the 45 keV state was
0.139 b/sr (* 4 percent). These values and uncertainties
include corrections for multiple scattering, beam attenua-
tion and angular resolution carried out as outlined above.
The magnitudes of the corrections were approximately 12 to
15 percent depending upon the details of the measurements,
The corrections were believed known to 10 percent (i.,e., 1
to 1.5 percent in cross section). The average of the 90
deg. values of this Data Set were consistent with the re-
sults of Data Set-1 as illustrated in Fig. 2,

The relative angular dependences of the elastic and
the inelastic (45 keV) scattering cross sections were

determined by measurements at laboratory scattering angles
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of approximately 30, 45, 60, 75, Yu, 105, 120, 135 and
150 dep. The statistical accuracies of the individual
differential values were in the range 5 to Y percent.
The observed relative distributions were least-squares
fitted with a Legendre polynomial series from which the
relative angle~integrated scattering cross sections

were deduced. The inelastic-scattering cross sections
were normalized to the measured 90 deg. value discussed
above, The normalization of the elastic scattering
cross sections was determined from the difference be-
tween the known total neutron cross section (8.28 b as
given in Ref, 10) and the measured 2+(45 keV) and 4+
(148 keV) inelastic scattering cross sections. Aﬁ addi-
tional small correction was made for the contribution of
radiative capture. All of the differential distribu-
tions were corrected for multiple scattering, beam
attenuation and angular resolution as described above,
The angle-integrated 550 keV cross section for elastic
scattering derived in this manner was 6.27%0,2 b, The
angle~integrated cross section for the excitation of the
2+(45 keV) state by 550 keV neutrons was 1.606%0,065 b
excluding the uncertainties associated with the extra-
polation of the measured values over the full angular
range (0 to 180 deg. The normalized differential values
and the associated Legendre polynomial fits to the data

are illustrated in Fig. 4.

C. Data Set=3

These measurements extended over the incident neu-
tron energy range 400 to 1200 keV, The primary empha-
sis was on the inelastic neutron excitation of the 4+
(148 keV) and 6+(308 keV) states of 238U. Secondary
attention was given to the excitation of the 2+(45 keV)

state with the intent of verifving previously reported
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results. The measurements of this Data Set pre-dated
those of the other three sets by several vears and em-
ployed different apparatuses. The experimental appara-
tuses and methods were essentially identical to those of
Ref, 22, The smaller cylindrical samples were used.

The flight paths were in the range 2 to 3 meters and, as
a consequence, the resolution of the 2+(45 keV) was not
generally as satisfactory as that obtained in the newer
three sets of measurements. All cross sections were
determined relative to those of carbon in the manner
previously described (22), and all measured results were
corrected for experimental perturbations in a manner
similar to that applied to the newer data sets.

The differential inelastic scattering cross sections
were determined at up to eight scattering angles distri-
buted between 3U and 150 deg. The angle~integrated in-
elastic cross sections were deduced from the differential
quantities by least-square fitting a Legendre polynomial
series to a minimum of four differential values at a
piven energy. The estimated uncertainties assonciated
with the angle~integrated values varied from less than
10 percent to 50 percent or more depending upon the
particular cross sections and incident enerpgies, The
uncertainty estimates included contributions from counting
statistics and estimated effects of experimental
resolutions and detector calibrations. The cross
sections for the excitation of the 6+(306 keV) state were
small and relatively the most uncertain. The resolution
of scattered neutrons due to the excitation of the 2+(45
keV) state was incomplete, particularly at the higher
incident energies. This lack of definition increased the
uncertainty of these results, In addition, the calibra-
tion of the detection system at low energies (400 to 500
keV) lacked reliability, and results in this energy re-

gion remain uncertain.
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The numerical anple-integrated inelastic cross sec-
tion results are piven in Table 2 and are compared with
the 45 keV and 148 keV values obtained in the newer Data

Sets in Fig. 5.

D. Data Set=4

This Data Set gave primary attention to cross sec=
tions for the excitation of the 2+(45 keV) state and
seéondary attention to the excitation of the 4+(148 keV)
and 6+(308 keV) states in the incident neutron energy
range 1.5 to 3.0 MeV. The essential experimental prob-
lem was the resolution of the 2+(45 keV) component from
the elastic contribution. This problem was particularly
severe at forward scattering angles (e.g., 30 deg.)
where the elastic contribution was greater by more than
an order of magnitude than the inelastic component.
The forward-angle inelastic component could not generally
be experimentally resolved at incident neutron energies
in the several MeV range. Therefore the experiments
determined the differential inelastic scattering cross
sections at selected and experimentally-favorable large-
scattering angles and theory was used to deduce the
angle~integrated cross sections from these measured
values. The validity of this theoretical extrapolation
was verified by complimentary experimental studies of

186w. lew is an exreri-

the similarly deformed nucleus
mentally favorable nucleus since its first-excited
(2+) state is at 122 keV, nearly three times the energy

of the comparable 238U state (28)., The differential

elastic and inelastic scattering cross sections of 186w
were well resolved over a wide angular range to energies
of 3.0 MeV thereby providing a good basis for the
development of a model suitable for the extrapolation of
the more-difficult-to-obtain 238U experinental values,
The derivation of this model is outlined in Sec. V, be-

low and discussed in detail in Ref. 30. The suitability
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of the model in the context of 238U was verified by com-
parison of calculated and measured composite differential
cross sectlons for elastic and inelastic (45 keV) scatter-
ingg. These composite differential 238U measurements were
an inherent part of the experimental program and essential
to the interpretation and calibration of the inelastic
scattering results at incident energies above 1.5 MeV,

The differential cross sections for the composite
elastic and inelastic (45 keV) scattering from 238U and
the elastic and the inelastic scattering from 18°w were
measured at 20 or more scattering angles distributed be-
tween approximately 20 and 150 deg. and at incident neu-
tron energy intervals of 0,3 MeV from 1.5 to 3.,U MeV, The
measurements were made using the multi-angle time-of-
flight system and associated methods described in Refs, 22
and 23, The scattering samples were the 2 cm in diameter
and 2 cm long cylinders. Flight paths were approximately
5.5 meters. All cross sections were determined relative
to the H(n,n) cross section and corrected for multiple
scattering, beam attenuation and angular resolution as
outlined above. Neutrons due to the excitation of the 2+
(122 keV) state of 186w were well resolved from the elas-
tically scattered neutrons as illustrated by the time
distribution of Fig. 6. The relative intensities of the
two neutron groups were obtained by least-square fitting
the observed time spectra with two Gaussian distributions.
These were descriptive of the measured values as illus-
trated by the curves of Fig. 6 and the relative intensi-
ties obtained with the fitting procedures were consistent
with those obtained using subjective graphical procedures.,
The resulting differential elastic and inelastic (2+, 122
keV) scattering cross sections of IBbw are illustrated in
Fig. 7 and discussed in detail in Ref. 30. These 186w

distributions were a foundation for the theoretical model,
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discussed in Sec. V, subsequently used for the extrapo-
lation of the 238U measurements, The differential cross
sections for the composite elastic and inelastic (24,
45 keV) scattering from 238U were determined concurrently
with the 186w scatterinpg cross sections at similar
scattering angles., The methods of normalization and
correction were identical with the addition of a small
correction for fission neutron contamination. The 238U
results are summarized in Fig. 8. The uncertainties
associated with these 238U cross sections were generally
in the range 5 to 10 percent including contributions
from counting statistics, correction factors, and normal-
ization procedures. A more detailed discussion of these
uncertainties is given in Ref. 3U. Generally, the con-
sistency of the data was in accord with the estimated
uncertainties and the carbon cross sections determined
concurrently with the 238U and 18°w values were in good
agreement with those reported in the literature (31).
The above 238U anpular distributions served as a 'bench-
mark" for testing the model subsequently used for extra-
polating the measured 238U inelastic cross section re=-
sults. The distributions were also essential to the
normalization of the differential inelastic scattering
results as described in the following paragraphs.

The neutrons inelastically scattered from 238U
in this energy range vere resolved at a few scattering
angles chosen to optimize the experimental resolution
(usually 115 and/or 120 deg.). At these angles the
intensity of the inelastic component was relatively
large compared to the elastic contribution. Using
flight paths in the range 8 to 11.8 meters the
resolution of the 2+(45 keV) scattered-neutron group
varied from very pood at 1.5 MeV to marginal at 3.0 MeV
as illustrated by the time-of-flight distributions of

Fig. 9. Measurements were made at intervals of 0.3 MeV
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from 1.5 to 3.0 and included lBGW and/or bismuth sarples
with the 238U sample., The 186w or bismuth measurements
were used to determine the shape of the experimental
resolution functions, These were well described by a
least-squares fit of a Gaussian distribution as illus-
trated, for example, by the curves of Fij;. 6., This reso-
lution function was then least-squares fitted to the ob-
served 238U time distributions with the Gaussian width
constrained to the value obtained from the bismuth or
186w measurements. The relative intensities of the 238U
elastic and inelastic (2+, 45 keV) components were deter-
mined from the parameters obtained in these fitting pro-~
cedures. Generally, the Gaussian fits were descriptive
of the measured 238U distributions as illustrated by the
curves of Fig., 9., In addition, they were consistent with
subjective estimates based upon graphical procedures,

The relative intensities of the elastic and inelas-
tic neutron groups derived from the above fitting proce-
dures were corrected for multiple scattering, beam atten-
uation, angular resolution and fission neutron contribu-
tions as outlined above. Following each good resolution,
long~-flight-path measurement, the detector was moved to a
5.5 flight path at an identical scattering angle and the
collective response of the detector to 238U elastic and
inelastic (45 keV) scattered neutrons determined relative
to the H(n,n) cross section. These shorter flight-path
measurements were a part of the angular distribution
measurements discussed above, Knowing the cross sections
for the sum of the elastic and inelastic (45 keV) compo-
nents and their relative intensities, the cross sections
of the individual components follow directlv, The re-
sulting differential values are given in Table 3 together
with the angle-inteprated values deduced from the experi-

mental results using the theoretical extrapolations of
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Sec. V. The estimated uncertainties iIn the cross sec-
tion values are based upon counting statistics, normal-
ization and correction factors, and subjective judge-
ments of the uncertainties due to the interpretation of
the experimental resolutions. The latter considerations
were a predominant factor at the higher energies (e.g.,
at 3.0 MeV),

The results of the above four Data Sets are reason-
ably consistent as illustrated by the composite of the
values shown in Fig. 5. The larpest discrepancies are
associated with the lowest energy values of Data Set-3
which, as noted above, are of dubious quality. The
agreement is despite the fact that the results were ob-
tained using widely varying detectors, different experi-
mental arrangements, varying sample sizes and configura-

tions and spanned a period of nearly five years,

IV, COMPARISONS WITH PREVIOUS EXPERIMENTAL RESULTS

The 550 keV elastic scattering results of Data Set~-
2 are in good agreement with the previously reported
values of Barnard et al. I(3) and of Smith (2) as illus- -
trated in Fig. 10, The only region of minor discrepancy
is at forward angles (e.g., 30 and 45 deg.,) where the
present results may be a few percent lower than those of
Refs. 2 and 3, The results of Cranberg and Levin (1)
are a composite of elastic and inelastic (2+, 45 keV)
components, When corrected for the inelastic contribu-
tion, they agree very well with the present elastic
scattering values. Small-angle (less than 20 deg.)
elastic scattering results reported by Walt et al. (32)
and Ankin et al. (33) are not entirely consistent but
generally extrapolate to the elastic scattering results
of the present work.

The present 550 keV differential cross sections for
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the excitation of the 2+(45 keV) state are in good agree-
ment with those reported by bBarnard et al, I (3) as il-
lustrated in Fig, 10. They are also reasonably consigt-
ent with the work of Cranberg and Levin (1) at scattering
angles greater than 90 deg. but the single point of Ref,
1 forward of 90 degs. is somewhat below the present re-
sults. The results of Larnard et al. IT (4) and of Smith
(2) show the same angular-dependence as the present
values but tend to be 5 to 10 percent smaller in magni-
tude. This difference is discussed below.

Generally, the relative angular dependence of scattered
neutrons resulting in the excitation of the 45 keV state
as obtained in the various measurements is similar and
thus there is relatively little uncertainty in deriving
the angle~integrated 550 keV cross section from a single
or limited number of différential values.

The angle~integrated cross sections for the excita-
tion of the 2+(45 keV) state derived from the present
measurements are compared with those previously reported
in Fig. 11. In making this (and similar) comparisons of
angle-integrated quantities, previously reported differ-
ential values were converted to the angle-integrated
cross sections in a manner identical to that employed in
the interpretation of the present work. For example,

550 keV 90 deg. differential cross sections for the ex-
citation of the 2+(45 keV) state were multiplied by four
pi and then reduced by approximately 8 percent to account
for the anisotropy observed experimentally and predicted
by theory. The present results for the excitation of the
45 keV state were consistent with a broad energy average
(e.g., a 100 keV energy average) of the results reported
by Barnard et al. II (4). The fluctuations indicated in
the work of Ref. 4 were not evident in the present results.

Above incident neutron energies of approximately 550 keV
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the present results for the excitation of the 45-keV

state are consistent with those of Barnard et al, I

(3) and of Cranberg and Levin (1), However, below ap=-
proximately 400 keV the present results are much larger
than those of Ref. 3. Above approximately 900 keV the
present results are reasonably consistent with tliose of
Egan et al., (7). The latter are somewhat larger but

thie differences may be associated with the choice of

the anpular distributions used in converting the iso-
lated differential values to angle-integrated quantities,
Moreover, the energy resolution of both experinents is
probably no more than marginal in the higher energy range
of 2.5 to 3.0 MeV. Above approximately 700 keV the pres-
ent results agree with those reported by Smith (2). At
lower energies the present results tend to be systematic-
ally higher than those of Ref. 2 by 5 to 10 percent

though the values are within the respective uncertainties
of the two data sets, The results of Ref. 2 were

obtained at this laboratory more than a decade ago and
even at this late date it is possible to estimate some
sources of differences between these and the present re-
sults in the low energy region, With the possible excep-
tion of the 550-keV energy data, the resolution of the
earlier work was not as good as that of the present results
and at that energy the differences between the two sets of
measurements is small (approximately 4.5 percent), The re-
sults of Ref. 2 are based upon a somewhat different carbon-
reference cross section than the present work and that

can account for a few percent of the difference. The
earlier work was corrected for multiple scattering ef-
fects but not with the care given in the present meas-
urements. As a consequence, it is estimated that

several more percent of the difference can be attributed

to multiple scattering effects, particularly at the
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lower incident neutron energies. In the course of the
present detailed studies of multiple scattering
corrections, the importance of the corrections became
very obvious. It is suspected that a number of the
previously reported results were deficient in the ap-~
plications of such corrections. There are marked dif-
ferences between the present results and those of the
evaluated data file ENDF/B-IV (1Y) at both low (less
than 500 keV) and high (greater than 1.0 MeV) energies,

The angle-integrated cross sections for tihe exci~
tation of the 4+(148 keV) state of the present work
are consistent with those of Barnard et al, I (3),
Cranberg and Levin (1), Barnard et al. II (4) and
Smith (2), as illustrated in Fig. 11. In addition, the
present results are in reasonable agreement with those
of Egan et al. (7) et incident neutron energies in the
range U.9 to 2,1 MeV. Above 2,0 MeV the present
values tend to be somewhat lower than those of Ref. 7.
But the cross sections are small, and there are uncer-
tainties in the interpretation of the few measured
values in the context of unmeasured angular distribu-
tions. The present values are reasonably consistent
with those of the evaluated data file ENDF/B-IV (19) to
energies of approximately 15MeV., At higher energies
its values in ENDF/B-IV are appreciably lower.

The present cross-sections for the excitation of
the 6+(308 keV) state are compared with the single
previously reported quantitative value of Cranberg and
Levin (1) in Fig., 11. All of the cross sections for
the excitation of this state are small and relatively
uncertain. The measured values are reasonably consist-

ent with those given in ENDF/B-1V.
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V. PHYSICAL INTERPRETATION

The theoretical model essential to the determina-
tion of the angle-integrated inelastic scattering cross
sections from the measured differential values was
developed from a detailed study of the similar rotation-
al nucleus, 186w. As outlined above, it was possible to
experimentally determine the differential elastic and
inelastic (2+, 122 keV and 4+, 399 keV) scattering cross
sections of 186w over a wide angle-energy range. From
this experimental base a coupled-channel model was de-
veloped for 186w that provided an éxcellent description
of the observed cross sections as illustrated in Fig, 7.
This model and its physical implications are discussed
in detail in Ref, 30, The essential relevance to the
present 238U work is the capability of the model to
extrapolate a single or few differential inelastic cross
sections for the excitation of the ground-state rota-
tional band to angle-integrated values. The 186w study
shows that the cross sections for the excitation of the
ground-state rotational band at few MeV energies can be
largely attributed to direct reactions and that the
associated scattered neutron distributions are not only
highly anisotropic but also strongly forward peaked.

The above model was applied to 238U assuming an N,
Z and A dependence of the real potential of the form
=24 (N-Z)/A (MeV) (34). The beta-2 and beta~4 deforma-
tions were taken from Moller (35) and LaGrange (36).

The 186W-based potential was slightly adjusted (primar-
ily a small reduction in real-potential strength) to
improve the description of the observed composite 238U
elastic and inelastic (2+, 45 keV) distribution in the
range 2.5 to 3.0 MeV. It was assumed that compound-

nucleus contributions to the distributions at these
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energles were essentially negligible. The initial cal-
culations were made coupling the ground- and first—-ex-
cited-state using the computer program 2 PLUS (37).
Subsequently, the calculations were refined to include

the 4+(148 keV) channel and the beta-4 deformation using
the computer program JUPITER (38). The calculations

were then extended to lower energies and the compound-
nucleus processes, The latter were calculated from the
Hauser-Feshbach formula with width-fluctuation correc-
tions using the computer program NEARREX (39). At in-
cident energies of less than 1.0 MeV, the excited struc—
ture of 238U is reasonably known and the compound-

nucleus channels can be explicitly calculated (28). At
excitation energies above approximately 1.0 MeV the
structure becomes increasingly uncertain and the calcu~
lated compound-nucleus contributions had to be corrected
for competition from unknown channels using statistical
estimates. At incident energies below approximately 1.0
MeV, radiative capture processes were a contributing
factor. These were calculated using the computer program
CASCADE (40). An additional factor at lower energies was
the correlation effect discussed by Moldauer (4l1). It

was estimated using NEARREX. The suitability of the model
for calculating higher-energy composite elastic and
inelastic (45 keV) scattering cross sections of 238U is
illustrated in Fig. 8., Detailed comparisons of measured
and calculated 550 keV scattering cross sections are given
in Fig. 10. At this low energy the correlation parameter,
Q (41), was adjusted to obtain inelastic (45 keV) cross
section magnitudes relatively consistent with experimental
observation. Generally, Q had a value near unity; indi-
cating significant correlation enhancement of the inelastic
channel, The calculated inelastic distributions at 550 keV

were not as forward peaked as indicated by the present
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experiments and those of Ref. 2. The difference is prob-
ably phvsically significant but the angle-integrated
cross sections derived from the differential values us-
ing either the calculated relative distributions or
those obtained from a least=-square fit to the measured
values differed by only several percent, The neutron
total cross sections calculated with the model for
energies in the range 0.2 to 3.U MeV differed by less
than 5Vpercent from measured values reported in the
literature (1U)., The ability of the model to describe
this wide range of experimental results gives confidence
in its use for extrapolating measured differential re-
sults to obtain angle-integrated cross sections. The
model parameters and form factors are given in Table 4,
They are similar to these of LaGrange (36) with a some-~
what smaller real-potential strength,

The deduction of the angle-inteprated values from
the differential cross sections involved only a relative
extrapolation. The normalization remained experimental.
The resulting angle-integrated cross sections are given
in Tables 1, 2 and 3 and illustrated in Figs, 5 and 11.
The uncertainties in the extrapolation procedures were
difficult to estimate quantitatively, particularly in
the few MeV range. However, wide variations in the model
did not appreciably change the extrapolated results. For
example, at an incident energy of 2.7 MeV: 1) the anpgle-
integrated cross section for the excitation of the 45 keV
state obtained using tiile potentials of Dunford et al.
(37) and of LaGrange (36) differed from thiose obtained
with the above potential by less than 10 percent, 2)
changes in beta-2 of * 25 percent lead to less than 5 per-
cent changes in the angle-integrated value, and 3) results
obtained with the 2-PLUS program, neglecting the excita-

tion of the 148 keV state and the beta-4 deformation, were
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vithin 10 percent of the more comprehensive results ob-
tained with JUPITOR, These variations were renerally
not of the same sign. At lower energies (e.g., 550 keV)
there was little difference between angle-integrated
cross sections obtained using the model for extrapolation
and angular distributions determined from least-square
fits to the experimental data. Tests such as the above
do not imsure against a systematic error but they do
give some confidence in the model-extrapolated results.
Cross sections predicted by the model (including
normalization) were in reasonable agreement with the ex-
perimentally normalized values as illustrated in Fig.
11. The calculations for the excitation of the 45 keV
state at lower energies (e.g., less than 600 keV) were
not unambiguous. These cross sections are largely due
to compound-nucleus processes governed by transmission
coefficients which are influenced by deformation, fluc-
tuations and correlations in an uncertain manner. The
illustrated calculational results were obtained with a
deformed potential (37) and corrected for fluctuations,
correlations and radiative capture. Alternate deriva-
tions were examined including: a) simple spherical
potentials and the Hauser-Feshbach formula, b) only
corrections for fluctuation effects, c) various choices
of the correlation parameter Q, and d) differing
strengths for the channel-coupling. The various calcu~-
lational results, when normalized to the well estab-
lished experimental value of 1.6 b at 550 keV, deviated
from the results illustrated in Fig. 11 by as much as
*15 percent at 300 keV. These differences represent
considerable variation in the energy-dependent shape of
the cross section near threshold as calculated with the
 various models. liowever, all of the calculated results
when normalized to the 550 keV measured value were in-
consistent with the low-energy cross sections of the

45 keV state as given in LNDF/B~IV and as reported in
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some previous experimental measurements. Theoretical un-
certainties at lower energies may be further reflected in
the calculated excitations of the 148 keV state which are
consistently smaller than the body of the experimental
information to energies of 1.0 MeV., 1In the few MeV range
the calculated cross sections for the excitation of the

45 and 148 keV states are in reasonable agreement with the
experimental values. The calculations indicate that the
direct-reaction mechanism is a major factor in this higher~
energy region, Calculated and measured cross sections for
the excitation of the 308 keV state are relatively consist-
ent at energies above ~ 1,0 MeV. Below 1.0 MeV the calcu-
lations indicate smaller cross sections for the excitation
of the 308 keV than observed experimentally, However, the
comparisons are not particularly meaningful due to the

relatively large experimental uncertainties.
VIi. EVALUATED DATA SETS

The evaluated data sets for the excitation of the 45,
148 and 308 keV states were constructed from the above mea-
sured values and associated calculations, and from experi-
mental values selected from the literature.

The evaluated cross sections for the excitation of the
45 keV state were noermalized to the measured values at the
experimentally favorable energy of 550 keV, At this energy
the results of the present work, those of Barnard et al, I(3)
and of Cranberg and Levin (1) are in very good agreement,
The results of Smith (2) are slightly lower and a broad
energy average of the results of Barnard et al. II (4),
slightly higher. The 550 keV scattered-neutron angular dis-
tributions are known reasonably well and from them it is
possible to determine the angle-integrated cross section
values. Below 550 keV this evaluation follows the present
results and is consistent with the broad energy average of

those of Barnard et al. II (4). The structure indicated in
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the latter results was not accepted,as it could not be
verified in the present experiments. The other major
data set in the low enerpy region, that of Ref, 3, {is
much lower than the present results and has a different
energy-dependent behavior. It was not used in the low
energy portions of the present evaluation. Two low=-
energy values were obtained at this laboratory a num-
ber of years ago (2). liowever, they are relatively un-
certain and suspect, as discussed above, and thus they
were not considered in the evaluation. The evaluation
in the range 500 to 1200 keV follows the available ex-
perimental information relatively interpolated with
theory. The data base in this region is large and
relatively consistent (1,2,3,4,5, and 6). From 1.2 to
3.0 MeV, the evaluation relies primarily upon the preg-
ent work and that of Egan et al. (7). The two sets of
measurements and the theoretical calculations are in
reasonable agreement and the evaluation is a compromise
between the various measured and the calculated values.
Above 3.0 MeV, the evaluation is based entirely upon
the above calculational model. The estimated uncer-
tainties in the evaluated cross sections for the exci-
tation of the 45-keV state are: a) less than 5 percent
at 550 keV, b) less than 15 percent below 550 keVv, c¢)
less than 10 percent from 550 to 1500 keV and d) less
than 25 percent from 1.5 to 3.0 MeV.

The experimental cross sections for the excitation
of the 148-keV state are reasonably consistent to ap~-
proximately 1.5 MeV (1,2,3,4,6 and 7). The evaluation
was subjectively deduced from these measured values.
The uncertainty is estimated to be approximately 10 per-
cent, Both the evaluation and the experimental results
are gomewhat larger than the theoretically predicted

cross sections near threshold as discussed above. From
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1.5 to 3.0 MeV MeV the evaluation is based upon the pres-
ent work and the results of Egan et al. (7). In this
region the uncertainties are estimated to be less than

25 percent. Above 3.0 MeV the evaluation is derived
entirely from the above calculational model.

The experimental cross sections for the excitation
of the 308-keV state are confined to the present work
and a single result of Ref. 1. All of the measured
values are small and relatively uncertain. Further,
they tend to be systematically larger than those esti-
mated by theory. The experiments are very difficult and
may have tended toward too large cross section values.
The evaluation compromises between measured and calcu-
lated quantities. The uncertainties may be as much as
50 percent but are probably of little concern in most ap-
plications due to the very small magnitudes of the cross
sections,

The angular distributions associated with the above
evaluated inelastic scattering cross sections were deter-
mined from the experimental values where possible (e.g.,
at 550 keV). However, over much of the energy range
primary reliance had to be placed upon relative angular
distributions derived from the above model. In addition
the cross sections for the excitation of the 308-keV were
simply assumed to be isotropic at all energies,

The numerical values of the above evaluated data
sets are given in Appendix,and the results are compared
with the measured values and the corresponding portibns
of ENDF/B-IV in Fig. 12. Below approximately 500 keV the
present evaluation differs appreciably from ENDF/B-IV in
both magnitude and energy-dependent shape. At some
energies the present evaluatioh is as much as 30 percent
larger than that of ENDF/B-IV., There is also an

appreciable difference between the present evaluation and
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that of FENDF/P~IV above approximately 1,0 MeV with the
present results much the larger. The angular distribu-
tions associated with the excitation of the 45~ and 148-
keV states are given as isotropic in ENDF/B-IV and, at
higher enerpies, are much different than those of the
present evaluation.

The use of the present evaluation in neutronic
calculations (e.g., fast reactor calculations) may lead
to considerably different results than obtained with
ENDF/B-IV, The major influence will probably be at low
energies, At energies above approximately 1,0 MeV the
present inelastic scattering cross sections show large
contributions due to the excitation of the first two
states. These are largely achieved at the expense of the
elastic scattering cross sections., Many applications may
not be particularly sensitive to the relatively small
differences in the associated energy transfer., However,
a complete re~interpretation of inelastic neutron scatter-
ing from 238U in the few MeV range in light of the recent
measurements may lead to reduced inelastic scattering
cross sections for large energy transfer., Such a compre-

hensive examination is now in progress.
VII. SUMMARY REMARK

The measurements give inproved definition to the
cross sections for the neutron excitation of the ground-
state rotational band of 238U (2+, 45 keV, 4+, 148 keV and
6+, 308 keV) at selected scattering angles from near
threshold to 3.0 MeV. Differential cross sections for the
elastic and the inelastic (45 keV) scattering of 550 keV
neutrons were measured to few percent accuracies over the
angular range 30 to 150 deg. The composite differential
cross sections for elastic and inelastic (45 keV) scatter-

ing were measured from 1.5 to 3.0 MeV over the angular
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range 20 to 150 dep. A coupled-channel and statistical
nuclear model, developed in the context of the similar

186w, was descriptive of the measured 238U cross

nucleus
sections and was used to extrapolate the differential re-
sults to anple-integrated values, The present results
indicate a cross section for the excitation of the 45-
keV state considerably larger than those reported from
some previous measurements or as given by ENDF/B-1IV at
energies of less than approximately 500 keV. Above ap-
proximately 1.0 MeV the present cross sections for the
excitation of the 45 and 148 keV states are again ap-
preciably larger thag those given by ENDF/B=-IV. The
model indicates that the 238U inelastic scattering

cross sections at energies of less than 1.0 MeV are
dominated by the compound-nucleus process though there
remain uncertainties as to the quantitative nature of

the reaction mechanism. In the few~MeV range the model
indicates that these inelastic cross sections are very
largely due to direct-reaction nmechanisms, The re-

sults of the present work and selected values from the
literature are used to construct an evaluated data set

suitable for applied use.
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TABLE 1
Low Energy 90 deg. Differential Cross Sections
for the Excitation of the 2+(45 keV)

State of 238U
bata fetzl Ratio do(U)/da(c)
Energy(keV)a at 90 deg, do(U), b/srb o(U), bb’c
611 0.575 * 4,5% 0.137 * 4,5% 1.58 + 0,07
565 0.504 + 5,0% 0.124 * 5.0% 1.43 + 0,07
535. 0.528 * 6,0% 0.132 * 6.0% 1.53 + 0.09
500 0.545 * 5,0% 0.140 * 5,0% 1.62 + 0,08
475 0.472 * 8,0%  0.126 * 8.0% 1.45 * 0,12
450 0.500 * 8.0% 0.136 + 8,0% 1.57 £ 0.12
425 - 0.463 + 7,0% 0.128 + 7,0% 1.48 + 0,10
400 0.489 + 7.0% 0.136 * 7,0% 1.58 £ 0.11
375 0.508 + 8,0% 0.144 * 8,0% 1.66 *+ 0,13
350 , 0.495 * 7.0% 0.141 * 7.0% 1.63 + 0.11
325 0.468 * 6,0% 0.138 * 6,07 1,59 * 0,09
300 0.523 * 12,0% 0.157 * 12.0% 1.81 * 0,22
275 0.469 * 6.0% 0.143 £ 6,0% 1.65 + 0.10
250 0.446 + 12.0% 0.139 + 12,0% 1.61 + 0,19
225 0.391 + 10,0% 0.124 * 10,0% 1.43 + 0,14
200 0.305 % 14.0% 0.099 + 14.0% 1.14 * 0,16
175 0.349 + 12.0% 0.115 * 12,0% 1.33 * 0.16
150 0.334 + 20,0% 0.114 * 20,0% 1.32 + 0,26
fete bt Ratio do(U)/dc(C)
Enerpy(kev) 2 at 90 deg., do(U), b/srb
550 0.562 * 7.0% 0.143 * 7,0%
550 0.499 * 7,0% 0.127 * 7,0%
550 0.618 + 8,0% 0.157 + 8,0%
550 0.515 * 9,0% 0.131 * 9,0%
550 0.547 + 9,0% 0.139 + 9,0%

Ave = 0,139 + 4,0%
a(U),b = 1.606 * 0.064

a. Incident energy, energy spread 10-15 keV.

b. Not inclusive of uncertainty in standard-reference value.

¢. Corrected for anisotropy as defined in text, not inclusive of the
estimated < 3% uncertainty in this correction.
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TABLE 2

- Inelastic Neutron Scattering Cross:

Sections of 238U from Data Set-3

Ex(MeV) Ein(MeV) a(b) 8o (b)
0.045 0.400 1.20 0.21
0.450 1.52 0.22
0.500 1.32 0.23
0.550 1.70 0.18
0.563 1.50 0.15
0.669 1.56 0.15
0.731 1.40 0.14
0.766 1.29 ' 0.13
0.853 1,02 0.12
0.955 1.23 0.15
1.100 0.95 0.14
1.200 0.61 0.12
0.148 0.563 0.311 0,04
0.669 0.416 0.04
0.731 0.434 0.04
0.766 0.425 0.04
0.853 0.488 0.05
0.955 0.533 0.08
1.065 0.455 0.05
1.122 0.533 0.05
1.177 0.478 0.05
1,222 0.414 0.06
1.320 0.278 . 0.08
1.397 0.321 0.05
1.500 0.230 0.05
0.308 0.840 0.025 0.012
0.955 0.037 0.018
1,100 0.070 0.030
1.150 0.069 0.030
1.200 0.072 0.050
1.400 0.038 0.020
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TABLE 3

238U Inelastic Scattering Results of Data Set-4

Ex Ein Angle g% g% o

(MeV) (MeV) (deg.) (b/sr) (%) (b)

0.045 1.5 120 0.049 15 0.620%0,093
" 1.8 115 0.054 15 0.706%0,105
" 2.1 120 0.033 15 0.428+0,064
" 2.4 115 0.022 20 0.317+0.063
" 2.7 120 0.024 20 0.350%0.070
" 3.0 120 0.025 28 0.390£0.115

0.148 1.5 120 0.025 15 0.359£0.053
" 1.8 115 0.016 17 0.23720.040
" 1.8 115 0,021 16 0,.310%0.049
" 2.1 120 0.019 20 0.311+0.062
" 2.4 115 0.008 15 0.131%0.020
" 2.7 120 0.006 17 0.120+0,020
" 3.0 120 0.008 18 0.170+0.031

0.308 1.8 115 0.006 40  0,075%0.030

a. Angle integrated values deduced as discussed in Sec, III
and V of text. Uncertainties are not inclusive of extra-
polation to angle~integrated values.
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TABLE 4

Model Parameters and Form Factors

Real Well, Saxon Form

V_ = 45,5, MeV

R = 1.24 « A 1/3

a = 0,62, F

3F

Imaginary Well, Derivative Form
W, = 3.9, MeV

1
R=1.26 - al/3

a= 0,58, F
Spin-orbit Well, Thomas Form

V = 7.5, MeV
so

Coupling Strength = V

Deformation

B, = 0.216, B, = 0.064

4
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Fig, 1.

Fig. 2.

Fig. 3.

Fig. 5.

Fig. 6,

Fig. 7.

FICURLE CAPTIONS
Representative neutron time-of-flight spectrum obtained in the
measurements of Data Set-1. The elastic and inelastic (45 kev)
heutron groups are reasonably well resolved.
(ANL Neg, No. 116-75-6Y)
Lov-energy cross sections for the neutron excitation of the 45-
keV state of 23811. The circular data noints are from Data Set-1
and the solid square point from Data Set-2. The selid curve
indicates the present evaluation, the dashed curve that of
ENDF/B=IV and the dotted curve the results of theoretical calcu—
lation,
(ANL Neg. No. 116-75-71)
Rerresentative neutron tire-of-flight spectra obtained in the
measurements of Data Set~Z2. The 30 deg., distribution is the
"worst case" with a large difference betveen the relative nagni-
tude of elastic and inelastic (45 kev) components., The YU-deg.
distribution is typical of those obtained at scattering angles
greater than approxirately 60 dej:,
(AL Neg., No. 116-75-72)
Measured differential elastic ©) and 1inelastic (0O, 45-kev
state) neutron scattering cross sections of 238U. The curves
indicate the results of a least-squares fit of a Lerendre
polynomial series to the measured values,
(ANL Neg. No., 116~75-65)
Measured cross sections for the excitation of the 45-keV and of
the 148-keV states as obtained in Data Set-1 (Q), Data Set=-2
(O0), bata Set-3 (A) and Data Set-4 0. The solid curve
indicates the present evaluation and the dashed curve that of
ENDF/B-1IV. The dotted curve indicates the results of theoretical
calculation as discussed in Sec. V of the text,
(ANL Neg. No. 116-75-70)
Neutron time-of-flight spectrum observed by scattering 1,8 MeV
neutrons from 186w. The histogram indicates experimental values
and the curves, the result of a two-Gaussian least-squares fit to
the measured values. The two peaks correépond to elastic and
inelastig (excitation of the 122 keV state) scattered neutrons.
(ANL Neg. No. 116-2475)
Differential elastic and inelastic (Hx= 122 keV) scattering

186W. Data points indicate measured values

-37~
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Fig. 9.

Fig.l0,

Fig.11,

and curves the results of model calculations.
(ANL Neg. No. 116-75-125)
lleasured composite differential cross sections for elastic and
inelastic scattering (45 keV) from 238“ at 1.5, 1.8, 2.1, 2.7
and 3.0 MeV incident neutron energies. The Present experincntal
results are noted Ly O, Previously-reported measurements are:
< Ref. 44, X Ref. 1 and + Ref. 45. Some of the illustrated
rrevious values differ by as much as 1U percent in incident
enerpy from the present results (e.g., Ref. 44 is at 1.9 MeV),
and in these instances there are differences between measured
values. The curves indicate the results of theoretical calcu-
lation as discussed in Sec. V of the text,
(ANL Neg. Lo. 116~75-67)
Illustrative neutron tirme-of-fliglit spectra obtained by scatter-
ing 1.5, 1.8 and 2.7 MeV neutrouns from 238U. listograms
represent the experimental values and curves tle results of
Gaussian fitting procedures as described in Sec, III of the text,
The elastic and inelastic (45 and 148 keV) neutron groups are
evident., Scattering angles were in the range 115 to 120 deg.
and flight paths varied from 8 to 11.8 meters,
(ANL Neg., Ho. 116- 75-73)
Comparison of measured differential elastic and inelastic (45
keV) scattering cross sections of 238U at 550 keV, The present
measured values are represented by circular data points: those
of Ref. 3 by A, Ref. 1 by +, Ref. 2 by 3, Ref, 4 vy J(,
Ref. 32 by and Ref, 33 by + The elastic scatterinpy values
of Ref. 1 include the 45 keV inelastic-scattering component.
The curves indicate the results of theoretical calculation as
discussed in Sec. V of the text.
(ANL Neg. No. 116-75-66)
Corparisons of measured, calculated and evaluated cross sections
for the neutron excitation of the 45, 148 and 308 keV states of
238U. The present measured values are indicated by square data
points: those of Ref. 2 by QO , Ref, 3 ZS, Ref, 4 » Ref, 1 X,
aud Ref. 7 +. The solid curve indicates the present evaluation,
the dashed curve that of ENDF/B=1IV and the dotted curve the
results of the theoretical calculations discussed in Sec. V of the
text,
(ANL Neg. Ho. 116-75-68)
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Appendix; Numerical Evaluated Data Set.
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